Introduction {#sec1-1}
============

Huntington's disease (HD) is a fatal, incurable neurodegenerative disease caused by a cytosine-adenine-guanine (CAG) expansion in the gene encoding protein huntingtin (HTT). HD presents with cognitive deficit and motor control impairment, and ultimately results in death which is caused by the neuronal dysfunction from progressive loss of cortical and striatal neurons (Johnson et al., 2008). Increasing evidence indicates that the mutant huntingtin (mHTT) distorts the normal transcriptional program of the susceptible neurons, indicating that the transcriptional dysregulation might be a crucial pathogenic mechanism in HD (Cha, 2000; Luthi-Carter and Cha, 2003).

MicroRNA is a class of small non-coding RNA molecules, which function in transcriptional and post-transcriptional regulation of target gene expression by degrading their target mRNAs or repressing their translation (Chen and Rajewsky, 2007; Bartel, 2009). MicroRNAs are expressed in the central nervous system and temporally and/or spatially regulate their target genes during the development (Kapsimali et al., 2007; Landgraf et al., 2007; Bak et al., 2008), and further lead to alterations of the translation of target genes. Recently, it has been reported that several cell survival-associated microRNA expression levels are aberrant compared with the normal mice (Hoss et al., 2014). MicroRNA-128a is dysregulated through affecting HTT and Huntington interaction protein1 in HD monkeys (Kocerha et al., 2014). It has been shown that microRNA is associated with neuronal differentiation in mice, and microRNA-124, a brain specific microRNA, is thought to be one of the crucial regulators for neuronal differentiation in neurodegeneration (Roshan et al., 2009). In addition, microRNA-124 also controls neuronal survival by regulating pro-survival and pro-apoptotic signals (Gascon and Gao, 2012). MicroRNA-124 can regulate the proliferation of neural progenitor cells (Liu et al., 2011). The role of microRNA-124 in HD is shown by its expression being repressed in the brains of human patients and mouse models, which leads to the dysregulation of RE1-Silencing Transcription Factor (REST) (Johnson and Buckley, 2009). REST nuclear translocation leads to the transcriptional repression of brain-derived neurotrophic factor (BDNF) (Abuhatzira et al., 2007), resulting in the neuronal damage (Lipsky and Marini, 2007). During the neuronal differentiation, SRY-related HMG box transcription factor 9 (SOX9) is a physiological target of micrRNA-124 and microRNA-124-mediated repression of SOX9 is also essential for neuron formation from neural stem cells (Cheng et al., 2009). It is also well known that peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α is an important factor to promote cell survival and improve neurological defects in HD through regulating mitochondrial functions and mHTT (mutant huntingtin) aggregation (Chaturvedi et al., 2009; Sen et al., 2011; Jones et al., 2012; Tsunemi et al., 2012).

In this study, we attempted to determine whether the microRNA-124 can slow down the progression of HD in transgenic mice and promote neuronal differentiation in the striatum of the mouse brain. We also tested whether microRNA-124 could modulate SOX-9, PGC-1α, and BDNF expressions in the brain, which are imbalanced in HD. To confirm the effects of microRNA-124 on neurogenesis *in vivo*, 5-bromo-2′-deoxyuridine (BrdU) staining of striatum tissue was performed.

Materials and Methods {#sec1-2}
=====================

MicroRNA-124 {#sec2-1}
------------

MicroRNA-124 was synthesized by Bioneer Company (Bioneer, Daejeon, Korea). Its sequence is as follows: Guide, UUA AGG CAC GCG GUG AAU GCC A; passenger, GCA UUC ACC GCG UGC CUU AAU U.

HD mouse model and microRNA-124 & BrdU injection schedule {#sec2-2}
---------------------------------------------------------

Transgenic HD mice of the R6/2 line (B6CBA-Tg (HD exon1) 62Gpb/3J, 111 CAGs) and their widetype littermates (Jackson Laboratories, Barr Harbor, ME, USA) were used (Mangiarini et al., 1996). These mice were obtained by crossing ovarian transplant of hemizygote females with B6CBAF1/J males. The mice were housed in groups with *ad libitum* access to food and water with 12-hour light/dark cycles. R6/2: six males, six females; littermate: two males, two females. Weight: 15--20 g, age: 4--12 weeks. The genotype was assessed using PCR assay. Temperature: 94°C for 4 minutes; 94°C for 30 seconds, 58°C for 30 seconds, 72°C for 60 seconds: 28 cycles; 72°C for 5 minutes; 4°C forever. The following primer sequences were used: Forward, 5′-CCG CTC AGG TTC TGC TTT TA-3′; reverse, 5′-TGG AAG GAC TTG AGG GAC TC-3′.

In R6/2 mice, disease phenotype appeared at 8 weeks of age. MicroRNA-124 injection into bilateral striata of R6/2 mice was started at 8 weeks old. 20 nmol of microRNA-124 was used for each mouse. The microRNA-124 was injected only once. 150 mg/kg of BrdU (Thermo Fisher Scientific, Boston, MA, USA) was intraperitoneally injected for 5 days after injecting miRNA. Four mice were used for miRNA-124 injection and four mice for vehicle injection (N/C miRNA).

All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of Seoul National University Hospital accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International.

Immunohistochemistry {#sec2-3}
--------------------

Immunocytochemistry of brain section was performed as described previously (Im et al., 2013). R6/2 mice were anesthetized and transcardially perfused with 10 mL of cold saline and 10 mL of 4% paraformaldehyde in 0.1 M PBS at 12 weeks of age. Brains were removed from the skull, cryoprotected in 30% sucrose solution at 4°C, and sectioned at 20 μm. Free-floating sections were washed and blocked with normal goat serum, then stained with the anti-BrdU antibody (1:100; Abcam, Cambridge, MA, USA). On the following day, the sections were washed in PBS with three times and incubated with FITC conjugated anti-rabbit IgG (1:500; Jackson ImmunoResearch Laboratories, PA) for 2 hours.

MicroRNA injection {#sec2-4}
------------------

For *in vivo* R6/2 microRNA-124 (*n* = 4, two males and two females), R6/2 N/C microRNA (*n* = 4, two males and two females) or Cy3-labeled microRNA-124 injection, mice at 8 weeks of age were anesthetized by an intraperitoneal injection of 1% ketamine (30 mg/kg) and xylazine hydrochloride (4 mg/kg), and then positioned in a stereotaxic apparatus. MicroRNA-124, N/C microRNA or Cy3-labeled microRNA-124 (2 μL) was injected into the bilateral striata using a 30-guage Hamilton syringe at the following coordinates: anterior-posterior +0.38 mm, medial-lateral ±2.0 mm, and dorsal-ventral --3.5 mm from the bregma.

Rotarod performance and weight measurement {#sec2-5}
------------------------------------------

As described previously (Im et al., 2013), the rotarod test was performed by using a rotarod apparatus (Jungdo Instruments, Seoul, Korea). Mice were placed on the rod with an accelerating rotation speed from 4 to 40 r/min over a period of 3 minutes with 15 minutes of rest in between the trials. Rotarod evaluation measurement was performed every week from 4 to 12 weeks. Three trials were performed and the mean latencies to falls were recorded. Rotarod evaluation and weight measurements were performed every week from 4 to 12 weeks ([**Figure 1**](#F1){ref-type="fig"}).

![Experimental schedule for microRNA-124 and 5-bromo-2′-deoxyuridine (BrdU) injection, behavior test, and weight measurement.](NRR-10-786-g001){#F1}

Protein extracts and western blot analysis {#sec2-6}
------------------------------------------

The whole brains of of R6/2 mice were isolated, immediately frozen on liquid nitrogen, and stored at −70°C until protein extraction. Protein extracts were prepared by using RIPA buffer (Thermo Fisher Scientific) with freshly added protease inhibitor and phosphatase inhibitor (Roche, Nutley, NJ, USA). Total protein concentration was quantified by a colorimetric detection assay (BCA Protein Assay, Thermo Scientific Pierce, Rockford, IL, USA). Aliquots of 30 μg protein were separated on 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membrane. The blots were probed with primary antibodies anti-mouse PGC1α (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), SOX9 (1:1,000; Abcam), and BDNF (1:1,000; Santa Cruz Biotechnology) at 4°C for 24 hours, followed by horseradish peroxidase conjugated secondary anti-mouse or rabbit antibody (1:5,000; GE Healthcare, UK), and the blots were developed by ECL solution (Thermo Fisher Scientific). Western blots were scanned and intensity values were obtained using ImageJ software (NIH, MD, USA).

Statistical analysis {#sec2-7}
--------------------

All data were statistically analyzed using SPSS 17.0 software (SPSS, Chicago, IL, USA) and are expressed as the mean ± SEM. Student's *t*-test was used. The differences were considered significant when *P* \< 0.05.

Results {#sec1-3}
=======

Injection of microRNA-124 improved behavioral phenotypes of R6/2 mice model {#sec2-8}
---------------------------------------------------------------------------

To determine the effects of microRNA-124 on behavioral deficits of R6/2 mice, microRNA-124 was injected on 8-week-old mice and phenotypes were tested. Results show that although significant difference of weight loss was not detected between the microRNA-124 injected R6/2 mice group and the N/C microRNA-injected R6/2 mice group in the rotarod test, microRNA-124 injections significantly increased latency to fall compared to N/C microRNA-injected R6/2 mice group at 10 and 11 weeks of age (*P* \< 0.05) (**Figure [2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}**). Therefore, microRNA-124 improved behavioral phenotypes of R6/2 mice.

![Injection of microRNA-124 (miRNA-124) slows down behavioral phenotypes of R6/2 Huntington's disease transgenic mice.\
(A) Rotarod test showed better motor performance at 10 and 11 weeks of age in miRNA-124 injected R6/2 mice compared to R6/2 N/C miRNA (\**P* \< 0.05; Student's *t*-test). The data are expressed as the mean ± SEM from four rats per group. (B) Measurement of body weight showed no difference among 10, 11, and 12 weeks of age in miRNA-124 injected R6/2 mice compared to control. R6/2 miRNA-124: miRNA-124 injected mice; R6/2 N/C miRNA: scramble miRNA injected mice; R6/2 control; no injection.](NRR-10-786-g002){#F2}

MicroRNA-124 increased the neurogenesis in the striatum and cortex of R6/2 mouse brain {#sec2-9}
--------------------------------------------------------------------------------------

Since the BrdU was injected from 8 weeks, brain tissues were obtained at 12 weeks and the BrdU signals were captured (FITC). With the microRNA-124 injection, more BrdU-positive cells in both the striatum and cortex were noted than those of the control (R6/2 mice only) group ([**Figure 3A**](#F3){ref-type="fig"}). The quantitative graphs also showed the increase in number of BrdU-positive cells in the striatum and cortex (**Figure [3B](#F3){ref-type="fig"}, [C](#F3){ref-type="fig"}**). To further show that microRNA-124 was successfully injected into the striatum, microRNA-124 labeled with Cy3 dye was injected into the R6/2 mouse striatum for 2 weeks; red Cy3-postive signal showed that microRNA-124 was successfully injected into the mouse brain ([**Figure 3D**](#F3){ref-type="fig"}). Taken together, microRNA-124 increased the neurogenesis both in the striatum and cortex.

![MicroRNA-124 (miRNA-124) increased the neurogenesis of neuronal cells in the striatum and cortex of R6/2 Huntington's disease transgenic mice.\
(A) The striatum and cortex were sectioned and stained with BrdU-FITC (BrdU, green and DAPI, blue). (B) In the striatum, the number of BrdU-positive cells was significantly higher in miRNA-124 injected group compared with control-injected group (\*\*\**P* \< 0.001; Student's *t*-test; *n* = 3). (C) In the cortex, the number of BrdU-positive cells was significantly higher in miRNA-124 injected group compared with control-injected group (\*\*\**P* \< 0.001; Student's *t*-test; *n* = 3). The data are expressed as the mean ± SEM. (D) MiRNA-124 labeled with Cy3 dye was injected into the R6/2 mouse striatum (red color means cells which have Cy3-labeld miRNA-124).](NRR-10-786-g003){#F3}

MicroRNA-124 altered related protein expression in the striatum of R6/2 mouse brain {#sec2-10}
-----------------------------------------------------------------------------------

The 12-week-old R6/2 mice injected with N/C microRNA or microRNA-124 for 4 weeks were sacrificed, and proteins were obtained from the striatum of the mouse brain. The direct target of microRNA-124, SOX9 protein was decreased. BDNF proteins were up-regulated in microRNA-124-injected R6/2 mice compared to the N/C control-injected R6/2 mice. Expression of PGC-1α was promoted compared to the control-injected R6/2 mice. Overall, expression levels of neuroprotective PGC-1α and BDNF were activated and SOX9, the repressor of cell differentiation, was down-regulated by injection of microRNA-124 ([**Figure 4**](#F4){ref-type="fig"}).

![MicroRNA-124 (miRNA-124) altered related protein expression in the striatum of R6/2 Huntington's disease transgenic mice.\
The 12-week-old R6/2 mice injected with N/C miRNA or miRNA-124 for 4 weeks were sacrificed, and proteins were obtained from the striatum of the mouse brain. Western blot analysis confirmed that BDNF protein was up-regulated in miRNA-124-injected R6/2 mice compared to the control-injected R6/2 mice. Expression of PGC-1α was increased, while expression of SOX9 was decreased compared to the control-injected R6/2 mice. SOX9: SRY-related HMG box transcription factor 9; BDNF: brain-derived neurotrophic factor; PGC-1α: peroxisome proliferator-activated receptor gamma coactivator-1 alpha.](NRR-10-786-g004){#F4}

Discussion {#sec1-4}
==========

In this study, we investigated the role of microRNA-124 in R6/2 mice, by implanting the microRNA-124 to the striatum of R6/2 mouse brain, to further understand the neuroprotective function of microRNA-124 in HD. MicroRNA-124 improved latency to fall of R6/2 mice and increased the cell proliferation at the subventricular zone, indicating the increase of neurogenesis. MicroRNA-124 also up-regulated PGC1 and BDNF expressions and down-regulated SOX9 expression in the striatum of R6/2 mouse brain, which implies the improvement of neuronal survival and differentiation in the striatum.

Although many studies have shown that microRNA-124 is down-regulated in the brain of HD patients and mouse models (Das et al., 2013), few studies investigated whether the microRNA-124 can affect the progression of HD *in vivo*. In this study, microRNA-124 increased the latency to fall of R6/2 mice at 10 and 11 weeks, which first indicates that microRNA-124 may slow down the progression of HD.

Many *in vitro* studies have shown that the forced expression of microRNA-124 in some non-neuronal cells can promote neuronal differentiation (Lim et al., 2005; Visvanathan et al., 2007; Yu et al., 2008). A recent study shows that microRNA-124 is a determinant of neuronal fate in the subvenricular zone, in which *in vivo* inhibition of microRNA-124 blocked the neurogenesis at the subventricular zone (Akerblom et al., 2012). The persistence of neurogenesis at the subventricular zone is the premise for the striatum to get mature or well-differentiated into neurons (Parent et al., 2002). Therefore, microRNA-124 may potentially benefit for neurogenesis, which is implicated in this study. The down-regulation of SOX9 protein expression in the striatum and increasing BrdU-positive signals in the striatum suggest a promotion of neurogenesis by microRNA-124. Notably, the REST proteins from the whole cell lysate were up-regulated in microRNA-124-injected R6/2 mice, but it is unknown if the increased REST proteins were from the nucleus or cytoplasm. Therefore, it could not be determined that whether the REST has repressing activation. However, the BDNF, the target of REST, was increased by microRNA-124 injection which implies that the increase of REST did not translocate to the nucleus to repress the transcription.

In HD, PGC-1α was found to be a therapeutic target and regulation for mitochondrial function in cell survival (McGill and Beal, 2006). Lower brain BDNF levels are detected in both HD patients and mouse models, and the loss of BDNF in the brain leads to more neuronal loss (Zuccato et al., 2001, 2011; Ciammola et al., 2007; Strand et al., 2007; Zuccato and Cattaneo, 2007), indicating an essential role of BDNF in the neuronal survival. In this study, microRNA-124 markedly increased the PGC-1α and BDNF protein levels, suggesting its protective role in neuronal survival.

In summary, microRNA-124 has shown positive effects on slowing down the progression of HD, promoting neurogenesis in the striatum, and improving neuronal survival. Collectively, microRNA-124 is a promising therapeutic strategy for HD.
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